I. INTRODUCTION
Carbon-based materials, such as, graphite, carbon nanotubes, [1] two-dimensional (2D) graphene and few-layer graphenes, [2, 3, 4, 5] and graphene ribbons, have been widely studied both experimentally and theoretically. Graphene ribbons could be synthesized by using heat treatment, [6, 7, 8] pulsed-laser deposition technique, [9] patterning epitaxially grown graphenes, [10, 11] tailoring exfoliated graphenes [12, 13] by scanning tunneling microscopy, [14] or chemical vapor deposition. [15] A one-dimensional (1D) graphene ribbon is obtained by cutting a 2D graphene, planar hexagonal lattices of carbon atom, along the longitudinal direction. As a result of the special geometric structure, graphene ribbons have motivated many interesting studies on magnetic properties, [16, 17, 18, 19, 20] optical properties, [19, 20, 21 ] electronic excitations, [22] or electronic properties. [23] The objective of this work is to investigate the magnetoelectronic structures of Bernal graphene ribbons.
1D zigzag and armchair graphene ribbons, sided with two parallel zigzag and armchair structures along the longitudinal direction, respectively, are intensively studied. Many theoretical studies predict that a zigzag ribbon has peculiar edge states. Such edge states produce flatbands at low energy and give rise to a conspicuous peak in density of states. [24] An armchair ribbon does not exhibit such states. Its electronic properties, such as the band gap, depend on the ribbon width. Furthermore, 2D multilayer zigzag (armchair) graphene ribbons are the stack of infinite identical 1D zigzag (armchair) graphene ribbons along the stacking direction [ figure 1 ]. This stacked system exhibits the anisotropic energy dispersions between in-ribbon-pane and the stacking direction for the intraribbon coupling is much stronger than the interribbon interaction. Moreover, the interribbon interactions also modify the in-ribbon-pane electronic properties, such as state energies, energy dispersions, band-edge states, and size of band gap. The study results show that the geometrical structures (the stacking types (AA or AB stacking), ribbon width, and ribbon edge structure) have a significant effect on the electronic and optical properties of multilayer graphene ribbons. [25, 26, 27] The optical measurement might serve a method to determine the geometrical structures of graphene ribbons. [28] When a monolayer graphene ribbon is submitted to a perpendicular magnetic field B, its magnetoelectronic properties, e.g., the magnetic bands and the related wave functions, are determined by the competition between the magnetic confinement and the quantum confinement. [19, 20, 29] When the spatial extent of Landau wave functions is smaller than ribbon width, i.e., the magnetic confinement predominates over the quantum confinement, the Landau states exist and the state energy follows E ∝ |n|B (n meaning the subband index). [20] Such a simple characteristic is absent from a bilayer Bernal graphene ribbon. According to literature, [30, 31, 32, 33] bilayer graphene ribbons exhibit different B-dependent Landau levels as a result of the interribbon interaction. In the energy region |E| ≤ 50 meV, the Landau-level energies are linearly dependent on the magnetic field strength. In the higher energy region, they deviate from the B-dependence to the √ B-dependence with the increase of the field strength. Based on the findings mentioned above, Bernal graphene ribbons (AB-stacked graphene ribbons) are thus expected to have different magnetoelectronic properties due to the different geometrical structure and interribbon interactions.
On the other hand, experimental measurements confirm that Landau levels of monolayer graphene and epitaxial graphene obey the relation E ∝ |n|B, Landau levels of 
II. THEORY
The AB-stacked zigzag graphene ribbon is chosen for the model study. It has hydrogenterminated zigzag edges along the longitudinal (x) direction [ Fig. 1(a) ]. The ribbon width is defined by the number (N y ) of zigzag lines along the y axis. B and A atoms are different sublattices of biparticles hexagonal lattice of a graphene ribbon. There are 2N y carbon atoms in a primitive cell of a monolayer graphene ribbon. To obtain the 2D AB-stacked zigzag graphene ribbon, the same 1D zigzag ribbons are piled in the ABAB sequence along the z axis with the stacking distance I z = 3.35Å. The A atoms have the corresponding atoms on the x − y plane directly above or below them, while the projections of the B atoms are located at the center of the hexagonal rings directly above or below them [ Fig. 1(b) ].
In the presence of a perpendicular magnetic field B = (0, 0, B), the electronic properties of AB-stacked zigzag ribbons are modeled by the Peierls coupling tight-binding model. The
Hamiltonian is
where the subindices i, j denote the summation over all sites in a primitive unit cell. c
is the creation (annihilation) operation, which generates (destroys) an electron at i (j) site.
The details of the atom-atom interactions [38] γ i,j = γ 0 , γ 1 , · · · , γ 6 are described in Fig.   1(b) . e i2πθ i,j is the Peierls phase shift due to the applied magnetic field. 
where wave function coefficients a The Hamiltonian representation is a 4N y × 4N y Hermitian matrix and could be regarded as
where each Hermitian block matrix h 1 , h 2 , h 12 or h 21 has 2N y × 2N y elements. The block matrix h 1 , Hamiltonian representation of the lower ribbon, is a tridiagonal matrix and its matrix elements h 1 (i, j) are:
where m = 1, 2, · · · , N y and β = 2cos(k z I z ). 
)Φ},
The term πΦ/3 in Eq. (5) is caused by the difference between the centers of the two ribbons in a unit cell.
The two off-diagonal block matrices satisfy a simple relation h 12 = h 21 . As a result of the interribbon interactions, the nonzero matrix elements h 12 (i, j) of the off-diagonal block matrix h 12 are as follows:
)Φ}.
The effect of magnetic fields is reflected in the interaction 2γ i cos(
All the nonzero elements of h 12 depend on β = 2cos(k z I z ). The interribbon interactions are equal to zero at k z I Z = π/2, and they are maximum at k z I z = 0. Eigenvalues and eigenvectors are obtained after the diagonalization of the Hamiltonian matrix. Eigenvalues
, where c (v) represents the unoccupied (occupied)
states. The eigenvector |a
III. MAGNETO-ELECTRONIC PROPERTIES
The band structures of the 2D multilayer graphene ribbons exhibit a highly anisotropic structure. Figs 
. As shown in Fig. 4(a) , in the absence of a magnetic field, the featureless Fig. 4(b) ], the second kind to compound band alongk x andk z , and the third kind to concave-upward and -downward bands alongk z [the red curves in Fig. 4(b) ]. The sharp peaks at ω = −0.3 and −0.45 eV origin in the Landau levels alonĝ k x and dispersionless bands alongk z . DOS of the concave-upward and -downward diverges in the forms 1/ ω − E(k ze ) and 1/ E(k ze ) − ω, respectively, where k ze is the band edge of the subband. DOS exhibits more peaks in the decreases of the magnitude of magnetic fields, as shown in Fig. 4(c) . In other words, the peak heights and positions are strongly dependent on the magnetic flux. Fig. 4(d) shows DOS of the N y = 6000 graphene ribbon at B = 20 T. Remarkably, density of states is independent of the ribbon width [ Fig. 4(b) and Fig. 4(d) ].
When the ribbon width is sufficiently large (N y ≥ 3000), the AB-stacked graphene ribbons at B = 0 are expected to be almost identical to the bulk graphite in DOS except at very low frequency. The zigzag boundary induces partial flat bands near E F = 0 and thus strongly affects the low-frequency physical properties. The two kinds of systems might differ from each other in the transport and magnetic properties. Nevertheless, the large graphene ribbons are useful in understanding the bulk graphite, e.g., magnetoelectronic properties [43] and magneto-optical absorption spectra. The main reason is that the calculations of the magnetoelectronic structures are very complicated for the latter at B < 10 T (a very large Hamiltonian matrix). That is to say, the magnetoelectronic properties (state energies and associated wave functions) remain the same when the ribbon width is sufficiently wide. It is deduced to be the same with that of a 3D bulk graphite.
The Fig. 5(a) .
It is exactly described as
, where φ n is the harmonic oscillator, product of the Hermite polynomial H n and the Gaussian function. [20] Each φ n has n nodes, where the subenvelope function changes the signs. The node number n of the subenvelope function ψ n (A 
The effect caused by the interribbon interactions on the envelope functions can be interpreted by the first order perturbation theory. Around k z I z = 0.5π, the matrix elements of h 12 are proportional to (π/2 − k z I z ) because of β = 2cos(k z I z ) ∼ 2(π/2 − k z I z ). Thus, the weak interribbon interactions lift the degeneracy at k z I z = π/2 and produces a two-level system, for example, n = 1 andn = 0 subbands. The related envelope functions are
√ 2, the bonding or antibonding of the envelope functions at k z I z = π/2. As a result, the envelope functions of the n (n) subbands chiefly distribute on the lower (upper) ribbon with the different spatial symmetries.
In addition, interribbon interactions have no influence on the envelop functions Ψ n=0 and
The feature of the wave function at k z I z = 0.4π, as shown in Fig. 5(c) , is dissimilar to that at k z I z = 0.499π [ Fig. 5(b) ]. The charge carriers of the former distribute on two ribbon planes and each subenvelope function is of the same importance, whereas those of the latter concentrate only on one ribbon plane. The varying interribbon interactions causes the redistribution of charge density. The definition of subband indices n andn (n ′ andn ′ )
is based on the spatial symmetry of the subenvelope function ψ n (A 1 o ). The subenvelope functions are proportional to the harmonic oscillator φ n , for example,
The envelope functions of the |n| ≥ 1 subband are
The subband index n (n ′ ) is assigned to be n = 1, 2, 3, · · · (n ′ = 1, 2, 3, · · · ). Notably, subenvelope functions ψ(A According to the spatial symmetry of ψ n (A 1 o ), the subband indices are assigned asn = 0, 1, 2, · · · . Notably,n starts at zero. Due to the interactions between the n = ±6 and n = ±1 subbands, the shapes ofn = 0 envelope functions is modified and its component
From k z I z = 0.4π to k z I z = 0, the gradually enhancing interribbon interactions significantly modify the feature or the site amplitude of the n envelope functions, as shown in Fig.   5(d) . The maximum interribbon interactions, occurring at k z I z = 0, dramatically change the main feature of the envelope function [heavy dots in Fig. 5(d) ], which now can not simply be described by harmonic oscillator φ n . For comparison, those at k z I z = 0.3π are shown by light dots in Fig. 5(d) , whose main feature of the envelope functions is still similar to those at k z I z = 0.4π. Thus, the envelope function is approximately linear superposition It should be noted that the interribbon interactions do not break the spatial symmetry of the envelope function, which is denoted as ψ n (A 
where µ = n,n and ν = n ′ ,n ′ are subband indices. D(ω) is the joint density of states and M µ,ν is the velocity matrix element. [19, 20, 32] According to the result of Ref. [32] , the magnitude of velocity matrix is |M µ,ν | = |M µ,ν | intraribbon + |M µ,ν | inter−ribbon , where |M µ,ν | is proportional to Ψ µ (y, k z I z )|Ψ ν (y, k z I z ) , the projection of the envelope function of initial state, |Ψ ν (y, k z I z ) , onto that of final state, |Ψ µ (y, k z I z ) . The subscript intraribbon (interribbon) denotes the initial and final states located at the same (different) ribbons. The intraribbon-projection, for example, is
The velocity matrix element M µ,ν depends on the spatial symmetries of the initial and final states and, thus, determines the selection rule and the effective transition channels. [19, 20, 42] At k z I z = π/2, only the intraribbon optical transition, |M µ,ν | intraribbon , makes contribution to the velocity matrix element |M µ,ν |. There is only one Group of subbands, i.e., µ = n and ν = n ′ . Therefore, the optical selection rule is predicted to be δ n−n ′ = ±1, where n = 0, 1, 2, 3 · · · and n ′ = 0, 1, 2, 3 · · · . The selection rule is the same as that of a monolayer graphene ribbon. [20] Away from k z I z = π/2, there are four possible optical transition channels n ′ → n,n ′ →n, n ′ → n and n ′ →n [ Fig. 6(b) ]. According to the spatial symmetry of envelope functions, the corresponding selection rules of the four transitions are predicted to be δ n−n ′ = ±1, δn −n ′ = ±1, δ n−n ′ = ±1, and δn −n ′ = ±1. The change of the state energies caused by interribbon interactions might alter the peak positions of joint density of states, and the modification of the shape and site amplitude of envelope functions might give rise to the vivid variation of the magnitude of velocity matrix element M µ,ν . Thus, the optical spectra of the AB-stacked ribbon are expected to be more complicated in peak number, peak position and peak height than those of a monolayer or bilayer ribbon. The work to calculate the optical spectra of the AB-stacked ribbon is on-doing.
IV. CONCLUSIONS
The Peierls coupling tight-binding method is employed to investigate the anisotropic magnetoelectronic structures of multilayer graphene ribbons. They are strongly dependent on the B-field strength and the interribbon interactions. B can induce Landau levels along k x and change energy spacing. The interribbon interactions significantly affect state degeneracy, energy dispersions, Landau plot. They destroy the symmetry of magnetoband structures. They also produce concave and convex subbands along k z . The magnetoband structures are strongly anisotropic. There are many doubly degenerate Landau levels and singlet 1D curving bands along k x and k z directions. Such features are directly reflected in density of states. DOS exhibits a lot of asymmetric prominent peaks, for example, the delta-function-like peak, the 1D power-law divergence, and the compound peak. Moreover, the k z -dependent interribbon interactions modify the shape of wave functions, alter the spatial symmetry, and arouse the change of charge-carrier distribution. The findings are further used to predict the optical selection rule. Most importantly, the large AB-stacked graphene ribbons are expected to be almost identical to the bulk graphite in low-energy magnetoelectronic properties. Our work is useful in understanding the bulk graphite, e.g., magnetoelectronic excitations and magneto-optical absorption spectra. The predicted magnetoelectronic properties could be examined by transport and optical measurements. 
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